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ABSTRACT 

The NASA Technology U t i  1 i z a t i o n  (TU) O f f i c e  

0 
i s  sponsoring a mu l t i year .  mult iphase demon- 
s t r a t l o n  program t o  assess the technology devel- 

r\l 
e oped under the DOEINASA automotive S t i r l  i ng  engine 

CASE) program w i t h  engines i n s t a l l e d  i n  var ious 
A i r  Force veh ic les  wh i le  being evaluated by inde- 
pendent t h i r d  p a r t i e s  under r e a l i s t i c  cond i t i ons .  
This  paper reviews the opera t iona l  h i s t o r y  o f  
Phase I w i t h  a Mod I S t i r l i n g  engine i n s t a l l e d  i n  
an A i r  Force m u l t i s t o p  van i n  a v a r i e t y  o f  mis- 
s ions.  Ten months o f  opera t ion  were w i t h  A i r  
Force personnel a t  Langley A i r  Force Base. VA, 
where over  1100 h r  and 4000 mi were logged on the 
Langley f l i g h t  l i n e .  The St i r l ing-powered van 
was operated on unleaded gasol ine.  JP-4 a i r c r a f t  
f u e l ,  and d i e s e l  f u e l  a t  Langley A i r  Force Base. 
Two months o f  o p e r a t i o n  were completed w i t h  Deere 
& Company personnel i n  the  Mol ine. I L  area where 
over  175 h r  and 2650 mi were logged on a Deere 
ma i l  d e l i v e r y  rou te .  

INTRODUCTION 

The Automotive Heat Engine Program was begun 
i n  1971 w i t h  the i n i t i a l  o b j e c t i v e  o f  developing 
a l t e r n a t i v e  automotive heat  engines w i t h  s i g n i f -  
i c a n t l y  reduced emissions. The o b j e c t i v e s  o f  
improved f u e l  economy and m u l t l f u e l  c a p a b i l i t y  
were added i n  1973. The S t i r l i n g  engine was 
se lec ted  as one o f  the promising candidates i n  
1975 f o r  d e t a i l e d  eva lua t ion .  The DOE assigned 
the management r e s p o n s i b i l i t y  f o r  the ASE P r o j e c t  
t o  the  NASA Lewis Research Center i n  1977. I n  
1978, a S t i r l i n g  engine development c o n t r a c t ,  
funded by DOE and managed by Lewis, was awarded 
t o  MTI. As o f  January 1988. seven experimental.  
f i r s t - g e n e r a t i o n .  Mod I automotive S t i r l i n g  
engines C A S E ' S )  were b u i l t  and operated i n  t e s t  
c e l l s  and veh ic les  f o r  over 18 000 h r .  A d d i t i o n a l  
i n f o r m a t i o n  about the DOEINASA ASE Program a c t i v i -  
t i e s  i s  g iven  by Beremand and Tabata i n  Refs. (1)  
through (3 ) .  

STIRLING-POWERED VEHICLE PROJECT 

The St i r l ing-Powered Vehic le  P r o j e c t  (SPVP) 
i s  a technology demonstrat ion program funded by 
the NASA Technology U t i l i z a t i o n  (TU) O f f i c e  and 
DOE. and i s  d i r e c t e d  toward p l a c i n g  commercial 

manufacturers and end users "on the path t o  com- 
m e r c i a l i z a t i o n "  o f  the Mod I 1  ASE. The SPVP i s  
cofunded w i t h  an industrylgovernment team t h a t  
inc ludes  NASA Lewis, the Department o f  Energy, the 
Department o f  the A i r  Force, Deere & Company, 
Mechanical Technology Inc . .  and the American Truck- 
i n g  Associat ions.  MTI i s  the prime c o n t r a c t o r  
respons ib le  f o r  the implementat ion o f  the NASA TU 
SPVP. A mu l t i year .  mul t iphase demonstrat ion pro- 
gram was created by the industrylgovernment team 
descr ibed i n  d e t a i l  i n  Ref. (4).  The prime objec-  
t i v e s  o f  the SPVP are as f o l l o w s :  (1) t o  o b t a i n  
e a r l y  o p e r a t i o n  and performance data wh i le  ga in-  
i n g  i n i t i a l  experience i n  opera t ing  the S t i r l i n g  
engine i n  a t y p i c a l  user environment. (2 )  t o  eval -  
uate the S t i r l i n g  engine i n  terms o f  e s t a b l i s h i n g  
S t i r l i n g  i n t e g r i t y ,  r e l i a b i l i t y .  and d u r a b i l i t y ,  
and (3) t o  acce le ra te  the development o f  S t i r l i n g  
engines and enable the e a r l i e s t  poss ib le  use o f  
the second-generation Mod I 1  ASE. Phase I plans 
were t o  operate a f i r s t - g e n e r a t i o n  Mod I S t i r l  i n g  
engine up t o  1000 h r  us ing  unleaded gasol ine and 
JP-4 a i r c r a f t  f u e l  i n  an A i r  Force van under 
r e a l i s t i c  cond i t i ons .  Langley AFB was chosen 
because i t  had an A i r  Force eva lua t ion  team ( t h e  
Management and Equipment Eva lua t ion  Program 
(MEEP)) and because o f  the moderate V i r g i n i a  c l i -  
mate. Phase I 1  would be i n  a second A i r  Force 
v e h i c l e  and would evaluate the Mod I ASE i n  d i f -  
f e r e n t  c l ima tes  and user cond i t i ons .  

VEHICLE INTEGRATION 

The A i r  Force prov ided a 1986 General Motors 
(GM) m u l t i s t o p  ( d e l i v e r y )  van (F ig .  1) powered by 
a standard 6.2-L (379-in3) V-8, d iese l  engine 
(145 hp (108.8 kW) a t  3600 rpm). Curb weight of 
t h i s  v e h i c l e  i s  6800 l b  (2677 kg) ,  w i t h  a maximum 
gross v e h i c l e  weight  (GVW) o f  8600 l b  (3386 kg) .  
Engine s p e c i f i c a t i o n s  and a power and torque curve 
a re  shown i n  Table 1 and F ig .  2. When the GM mul- 
t i s t o p  van a r r i v e d  a t  MTI, i t  was d r i v e n  approx i -  
mate ly  1100 mi t o  break i n  the  d r i v e t r a i n  t o  
ensure t h a t  the v e h i c l e  was sound. A f t e r  the 
v e h i c l e  break- in  was completed, the d iese l  engine 
was removed and a Mod I S t i r l i n g  engine mockup was 
i n s t a l  l e d  t o  determine what m o d i f i c a t i o n s  would 
be requ i red .  The o n l y  major a l t e r a t i o n  requ i red  
was a cu tou t  i n  the f r o n t  crossmember. This modi- 
f i c a t i o n  was needed so t h a t  the  engine and t rans-  
m iss ion  could be p r o p e r l y  i n s t a l l e d  and a l igned .  



The o r i g i n a l  t r a n s m i s s i o n  f o r  t h e  d iese l -powered 
van was a  vacuum-modulated, th ree-speed automatic. 
The S t i r l i n g  eng ine i s  an e x t e r n a l  combust ion  
eng ine and does n o t  have i n t a k e  m a n i f o l d  vacuum. 
The re fo re ,  t o  match t h e  S t i r l i n g  eng ine,  a  
C h r y s l e r  nonvacuum-modulated, three-speed au toma t i c  
t r a n s m i s s i o n  r e p l a c e d  t h e  vacuum modula ted,  t h ree -  
speed au toma t i c .  A d d i t i o n a l  d e t a i l s  on  t h e  eng ine 
i n s t a l l a t i o n  a r e  c o n t a i n e d  i n  Ref.  ( 5 ) .  

A  used Mod I ASE f r o m  t h e  DOEINASA Program 
was r e b u i l t  by  MTI personne l  and i n s t a l l e d  i n  a  
dynamometer t e s t  c e l l  f o r  checkout ,  c h a r a c t e r i z a -  

. t i o n ,  and p i s t o n  r i n g  b reak - i n .  A  c r o s s  s e c t i o n  
o f  t h e  Mod I ASE i s  shown i n  F i g .  3. The Mod I 
ASE i n c l u d e d  a l l  a u x i l i a r i e s  t h a t  wou ld  be used 
f o r  t h e  comple te  system when i n s t a l l e d  i n  t h e  A i r  
Force van. These i n c l u d e d  a  130-A a l t e r n a t o r .  
a t o m i z i n g  a i r  compressor. b l ower ,  and t h e  s t a r t e r  
and u p s t a r t  motor t h a t  a r e  r e q u i r e d  t o  o p e r a t e  
t h e  S t i r l i n g  engine. C h a r a c t e r i z a t i o n  i n c l u d e d  
o p e r a t i o n  on  b o t h  un leaded g a s o l i n e  and JP-4 a i r -  
c r a f t  f u e l .  The S t i r l i n g  s p e c i f i c a t i o n s  and t h e  
r e s u l t a n t  power and e f f i c i e n c y  cu rves  a r e  shown i n  
Tab le  2  and Fig:  4. A  d e t a i l e d  d i s c u s s i o n  o f  t h e  
m u l t i f u e l  development w i t h  un leaded g a s o l i n e  and 
JP-4 f u e l  a r e  con ta ined  i n  Ref.  ( 6 ) .  

C h a r a c t e r i z a t i o n  i n c l u d e d  o p e r a t i o n  a t  v a r i -  
ous h e a t e r  head temperatures  (720 OC, 770 OC, and 
820 OC) and r a d i a t o r  temperatures  (50  OC. 60 OC, 
70 OC, and 80 OC) and a t  a  v a r i e t y  o f  i d l i n g  p o i n t s .  
MTI p r e d i c t i o n s  i n d i c a t e d  t h a t  t h e  Mod I ASE. 
o p e r a t e d  a t  a  hea te r  head temperature  o f  770 OC 
(nomina l  75 hp),  was adequate f o r  t h e  Phase I 
f a m i l i a r i z a t i o n  and t h e  A i r  Force m i s s i o n  ( b o t h  
t h e  f l i g h t  l i n e  and on-base) a t  Lang ley .  MTI 
e n g i n e l v e h i c l e  codes were used t o  compare t h e  mul-  
t i s t o p  o p e r a t i o n  w i t h  d i e s e l s  a t  145 hp, 100 hp. 
and 60 hp and the  S t i r l i n g  eng ine a t  75 hp. Per-  
formance p r e d i c t i o n s  a r e  shown i n  Tab le  3. 

A f t e r  comp le t i on  o f  t h e  t e s t  c e l l  c h a r a c t e r i -  
z a t i o n ,  t h e  Mod I ASE w i t h  a u x i l i a r i e s  was i n s t a l l e d  
i n  t h e  A i r  Force van. A d d i t i o n a l  changes i n c l u d e d  
t h e  i n s t a l l a t i o n  of  a  12-gal a u x i l i a r y  f u e l  t ank ,  a  
hydrogen c h a r g i n g  system, a  l a r g e r  r a d i a t o r ,  a  
rear-compartment g a s - f i r e d  personne l  h e a t i n g  system, 
an a c c e l e r a t o r  assembly,  a  g a s - f i r e d  f r o n t  window 
defogger ,  and a  h y d r a u l i c  system f o r  t h e  power- 
c o n t r o l  v a l v e .  M o d i f i c a t i o n  o f  t h e  exhaust  system 
i n c l u d e d  t h e  removal  o f  t h e  m u f f l e r  and t h e  cata-  
l y t i c  c o n v e r t e r  t h a t  a r e  n o t  r e q u i r e d  f o r  use w i t h  
t h e  S t i r l i n g  eng ine.  

A comparison o f  t h e  d i e s e l  and S t i r l i n g -  
powered vans i s  shown i n  Tab le  4  and t h e  eng ine 
i n s t a l ' l a t i o n s  a r e  shown i n  F i g .  5. 

A l s o  i n s t a l l e d  was a  D i g i t a l  Engine C o n t r o l  
(DEC) and t h e  necessary  d i a g n o s t i c  equipment ( i . e . .  
CRT m o n i t o r ,  s i m u l a t o r  and s w i t c h  pane l s )  shown i n  
F i g .  6 .  A l l  mechan ica l  and e l e c t r i c a l  systems were 
comple ted i n  June 1986. F i n e - t u n i n g  o f  t h e  con- 
t r o l s  was comple ted on a  c h a s s i s  dynamometer, f o l -  
lowed by o p e r a t i o n  and checkout  o f  t h e  S t i r l i n g -  
powered van. Over 30 h r  and 220 mi o f  o p e r a t i o n  
were s u c c e s s f u l l y  comple ted "on-the-road" i n  t h e  
A lbany,  NY a r e a  and w i t h  a  s i m u l a t e d  A i r  Force 
m i s s i o n  d u t y  c y c l e  on  t h e  MTI c h a s s i s  dynamometer. 
The van per formance o f  0-30 mph i n  10.5 sec i s  i n  
good agreement w i t h  t h e  MTI predictions (see 
Tab le  2) and was cons ide red  adequate f o r  t h e  A i r  

Force m i s s i o n  on  t h e  Lang ley  f l i g h t  l i n e .  Check- 
o u t  i n c l u d e d  o p e r a t i o n  on  b o t h  un leaded g a s o l i n e  
and JP-4 a i r c r a f t  f u e l .  

AIR FORCE FLIGHT-LINE EXPERIENCE 

The S t i r l i n g - p o w e r e d  van was d e l i v e r e d  t o  A i r  
Force MEEP personne l  a t  Lang ley  AF8 i n  August 1986. 
MEEP pe rsonne l  a r e  r e s p o n s i b l e  f o r  t he  normal 
maintenance and m o n i t o r i n g  o f  v e h i c l e  o p e r a t i o n s  
f o r  t h e  A i r  Force.  O p e r a t i o n a l  d a t a  were o b t a i n e d  
f r o m  sources 'such as d a i l y  l o g  sheets ,  week ly  
i n s p e c t i o n  r e c o r d s ,  and tachograph c h a r t s .  Opera- 
t i o n  o f  t h e  v e h i c l e  p r o v i d e d  t h e  f i r s t  " r e a l  w o r l d "  
d a t a  f o r  d e t e r m i n i n g  t h e  o p e r a t i o n a l  r ead iness  o f  
t h e  f i r s t - g e n e r a t i o n  S t i r l i n g  eng ine  f o r  eva lua-  
t i o n  by  t h e  i ndus t r y l gove rnmen t  team. The A i r  
Force expe r i ence  i s  documented i n  Refs .  7  and 8. 

The A i r  Force d e l i v e r y  van, des igna ted  a  " m u l t i -  
s top " ,  was o p e r a t e d  by r e g u l a r  A i r  Force o p e r a t o r s  
ass igned  t o  t h e  2 7 t h  A i r c r a f t  Maintenance U n i t  
(AMU), T a c t i c a l  A i r  Command a t  Lang ley  A i r  Fo rce  
Base, VA. The e v a l u a t i o n  was f o r  a  p e r i o d  o f  
10 months, f r o m  September 1986 th rough  June 1987. 
The m u l t i s t o p  was des igned t o  t r a n s p o r t  pe rsonne l  
and l i g h t  c a r g o  i n  a  stop-and-go d u t y  c y c l e .  The 
m u l t i s t o p  was used f o r  t h e  " e x p e d i t e r "  m i s s i o n  b y  
t h e  2 7 t h  AMU t h a t  p r o v i d e s  maintenance c o n t r o l  on  
t h e  Lang ley  f l i g h t  l i n e  w h i l e  s e r v i n g  f r o m  15 t o  
20 a i r c r a f t .  Over 1100 h r  and 4000 mi were suc- 
c e s s f u l l y  logged w i t h  t h e  e x p e d i t e r  m iss ion .  The 
S t i r l i n g - p o w e r e d  m u l t i s t o p  was ope ra ted  on  un leaded 
g a s o l i n e .  JP-4 a i r c r a f t  f u e l ,  and d i e s e l  f u e l  du r -  
i n g  t h e  10-month e v a l u a t i o n  p e r i o d  ( F i g .  7) .  The 
m u l t i s t o p  s u c c e s s f u l l y  towed a  v a r i e t y  o f  s u p p o r t  
equipment w i t h o u t  d i f f i c u l t y .  A i r  Force pe rsonne l  
s t a t e d  t h a t  t h e  o p e r a t i o n  was " n o t  a  b i g  d e a l "  and 
was " b e t t e r  t han  a n t i c i p a t e d " .  MTI suppo r t  pe r -  
sonnel  were a v a i l a b l e  t o  t h e  A i r  Force on a  d a i l y  
b a s i s  t o  t r o u b l e s h o o t  and make m i n o r  r e p a i r s  
r e q u i r e d  d u r i n g  t h e  e v a l u a t i o n .  

T r a i n i n q  Procedures 
S t a r t u o  and o o e r a t i o n  o f  t h e  S t i r l i n a - o o w e r e d  

van appearss t o  be ;omparable t o  commerciai  d i e s e l  
v e h i c l e s .  Over 20 A i r  Force o p e r a t o r s  were t r a i n e d  
and f a m i l i a r i z e d  w i t h o u t  d i f f i c u l t y  d u r i n g  t h e  
e v a l u a t i o n  p e r i o d  a t  Lang ley .  A  few o p e r a t o r s  
i n i t i a l l y  expe r i enced  s t a l l i n g  o f  t h e  eng ine when 
making ha rd  l e f t  o r  r i g h t  t u r n s  w h i l e  a t  i d l e  
(400 rpm) o r  l ow  v e h i c l e  speed. T h i s  i s  a t t r i b u t e d  
t o  t h e  use o f  an underpowered ( 8 0  hp) eng ine f o r  
t h i s  v e h i c l e .  A i r  Force o p e r a t o r s  q u i c k l y  adapted. 
however, and t h e  S t i r l i n g - p o w e r e d  van accompl ished 
t h e  e x p e d i t e r  m i s s i o n  w i t h o u t  d i f f i c u l t y .  

Duty  Cyc le  
Documentat ion o f  t h e  d u t y  c y c l e  on t h e  

Lang ley  f l i g h t  l i n e  was accompl ished w i t h  a  7-day, 
24-hr t a c h o ~ r a o h  c h a r t  r e c o r d e r .  D a i l y  r e a d i n g s  
o f  v e h i c l e  i peed ,  eng ine speed, and m i i e s  t r a v e l e d  
were reco rded  i n  o r d e r  t o  p r o v i d e  a  day-to-day 
r e c o r d  o f  t h e  e x p e d i t e r  d u t y  c y c l e  expe r i enced  b y  
t h e  S t i r l i n g - p o w e r e d  van. A t y p i c a l  c h a r t ,  t h a t  
o f  October 30. 1986, i s  r e p r e s e n t a t i v e  o f  t h e  
e x p e d i t e r  m i s s i o n  ( F i g .  8) .  As can  be seen, t h e  
eng ine i d l e d  f o r  v e r y  l o n g  p e r i o d s  and had many 
s h o r t  t r i p s .  w i t h  many s t a r t s  and s tops  b e i n g  
recorded.  Cont inuous d u t y  o v e r  l o n g  p e r i o d s  d i d  
n o t  p r e s e n t  any problems. Fue l  usage w i t h  un leaded 
g a s o l i n e  was r e p o r t e d  t o  be as good as o r  b e t t e r  
than t h e  s tanda rd  gaso l ine-powered m u l t i s t o p .  



The multistop was available on a 24-hr basis, 
as needed by the Air Force. Availability of the 
van ranged from 55 percent during the early months 
to an average of 86 percent at the completion of 
the operational period at Langley. This is con- 
sidered good for a single-unit demonstration at 
this stage of development. Vehicle operation was 
limited to the Langley flight line, where the 
authorized speed is from 15 to 25 mph, and on-base, 
where the authorized speed is limited to 35 mph. 
At times. the vehicle usage ranged from only a few 
minutes during a specific day to continuous around- 
the-clock operation during Air Force readiness 
exercises (Fig. 9). Air Force personnel found the 
Stirling-powered multistop to be as reliable as a 
standard vehicle for the expediter mission. 

Multifuel Evaluation 
Multifuel operation of the Stirling-powered 

van on the ~angley flight line is shown~in Table 5 
and in Fig. 7. Characteristics of the fuels used 
are shown in Table 6. 

Operation with both unleaded gasoline and 
JP-4 had been planned for Phase I and presented no 
difficulties during the evaluation period. The 
airlfuel ratio had been adjusted on the MTI chas- 
sis dynamometer fcr both fuels prior to delivery 
of the multistop. The airlfuel ratio with gaso- 
line and JP-4 was checked at the time of the switch- 
over in mid-March 1987 and no adjustments were 
required. JP-4 aircraft fuel was substituted for 
the unleaded gasoline using the same fuel tank. 
Minor adjustments were required to the airlfuel 
ratio in order to eliminate flameouts during the 
initial startup of the engine. Subsequent opera- 
tion and vehicle performance with the JP-4 air- 
craft fuel was reported to be as good as or better 
than operation with unleaded gasoline. 

At the request of the NASA TU industry1 
government team. limited operation with diesel 
fuel was tried. Changeover to a summer grade of 
diesel fuel (DF-2) was accomplished in mid-May 
1987. Modification to the airlfuel system was 
required in order.to incorporate a gasoline start 
and warm-up prior to switching to diesel. An aux- 
iliary fuel tank that had been added during the 
initial vehicle modification (for potential addi- 
tional multifuel evaluations) was used for diesel 
storage. The gasoline startup was required pri- 
marily because of an inadequate ignition source 
to ignite the diesel fuel. Operation on diesel 
fuel was successful and vehicle performance 
appeared to be adequate for the Air Force mission 
on the Langley flight line. 

Fuel Economy 
Fuel economv for the Stirlina- ower red van in 

the ex~editer miision was reoortei bv the Air 
Force to be 6.3 mpg with all'fuels uied during the 
10-month evaluation period. Fuel economy numbers 
include fuel usage for both the gas-fired, front- 
window defogger and the rear-compartment heating 
system. This compares with an average of 4.3 mpg 
for four gas01 ine-powered vans and 8.1 mpg for 
nine diesel-powered vans used at Langley in simi- 
lar missions during the same period. 

Load-Carryinq Characteristics 
In addition to carrying personnel to the air- 

craft on the flight line, the Stirling-powered 
multistop towed a variety of support equipment (up 

to 6000 lb (2362 kg)) on the Langley flight line 
with no difficulties. 

Emission Data 
The catalytic converter was removed from the 

exhaust system in the Stirling-powered van. No 
particulate traps were instal led. However, 
because of the absence of a chassis dynamometer 
and necesjary emission-testing equipment at 
Langley, no evaluation could be obtained. It is 
planned to evaluate the emissions of the Phase I1 
Stirling-powered vehicle (D-150 truck) at Eglin 
AFB. 

Noise Evaluations 
A general noise evaluation was conducted by 

the Air Force on the Stirling-powered multistop 
(with no muffler or resonator) and a diesel- 
powered multistop. Measurements were made using 
Dupont Mark I dosimeters. The survey consisted 
of attaching a dosimeter to each driver and driv- 
ing the two vehicles along the same routes for 
25 min. A comparison of the noise readings for 
both engines is as follows: 

Average 
Peak 

It was concluded that there were no apprecia- 
ble differences in noise levels generated by the 
two vehicles under simi lar operating conditions. 
Additional measurements made directly in front of 
the Stirling-powered van (83.7 dBA) and the diesel- 
powered van (80.5 dBA) were below the Air Force 
criterion of 84 dBA. It was observed that the 
major noise in front of the Stirling van was emit- 
ted from the auxiliaries, primarily from the cool- 
ing fans and the atomizing air compressor. 

Oi 1 Evaluations 
Oil samples were taken 10 times during the 

one-year evaluation period and sent to Deere & 
Company for detailed analysis. No degradation of 
the oil was noted and Air Force operators and 
maintenance personnel observed that the oil 
appeared to be in "like new" or "virgin" 
condition. 

DEERE & COMPANY EXPERIENCE 

The Stirling-powered Air Force van was deliv- 
ered to Deere & Company Headquarters at Moline, IL 
in July 1987. The delivery van, shown in Fig. 10, 
was used for intraplant mail and package delivery 
service to a variety of Deere facilities in the 
Moline area. The van operated during a normal 
8-hr shift on a delivery circuit that made about 
35 stops and logged about 130 mi per day. Opera- 
tion of the van was expanded from the Air Force 
flight line (speeds up to 25 mph) mission to oper- 
ation on city streets and highways ( u p t o  55 mph) 
in the Moline area. Fig. 1 1  is a tachograph from 
July 22, 1987 and represents the typical duty 
cycle that includes long idle time. many stops. 
and operation on local roads and highways. This 
duty cycle would be representative of a rural 
postal delivery route. Over 175 hr and 2650 mi 



were s u c c e s s f u l l y  logged w i t h  t h e  van o p e r a t i n g  
on un leaded g a s o l i n e  on t h e  Deere i n t r a p l a n t  
d e l i v e r y  r o u t e  d u r i n g  J u l y  and August.  

D u r i n g  t h e  months o f  J u l y  and August,  t h e  a i r  
t empera tu re  i n  t h e  M o l i n e  a r e a  ranged f r o m  a low 
o f  40 OF (4.4 OC) t o  an extreme o f  103 OF (40  OC). 
More than  two weeks o f  con t i nuous  dayt ime tempera- 
t u r e s  o f  o v e r  90 OF (32.2 OC) were expe r i enced  
d u r i n g  t h e  l a s t  two weeks o f  J u l y .  The o p e r a t i o n  
o f  t h e  S t i r l i n g - p o w e r e d  van was normal d u r i n g  t h i s  
p e r i o d  o f  extreme temperatures ,  haze, and f o g .  A 
commercial  f u e l  pump t h a t  expe r i enced  vapor l o c k  
was t h e  o n l y  wea the r - re la ted  problem. A f t e r  add i -  
t i o n a l  c o o l i n g  f o r  t h e  f u e l  pump was p r o v i d e d ,  no 
more d i f f i c u l t i e s  were expe r i enced  d u r i n g  t h e  
extremes o f  t empera tu re  and h u m i d i t y .  

CONCLUSIONS 

O p e r a t i o n a l  expe r i ence  w i t h  t h e  S t i r l i n g -  
powered A i r  Force van i s  p r o v i d i n g  t h e  f i r s t  " r e a l  
wo r l d "  d a t a  f o r  t r a n s p o r t a t i o n  a p p l i c a t i o n s .  
Independent  o p e r a t i o n s  by  A i r  Force and Deere pe r -  
sonnel  have logged o v e r  1300 h r  and n e a r l y  7000 mi 
o f  success fu l  v e h i c l e  o p e r a t i o n  ( F i g .  12).  M u l t i -  
f u e l  o p e r a t i o n  has been demonst ra ted by  u s i n g  
un leaded gas01 i n e ,  JP-4 a i r c r a f t  f u e l ,  and d i e s e l  
f u e l .  No problems were i d e n t i f i e d  f o r  t h e  b a s i c  
S t i r l  i n g  eng ine.  The 75-hp au tomo t i ve  S t i r l  i n g  
eng ine,  a l t h o u g h  underpowered f o r  t h e  A i r  Force 
m u l t i s t o p ,  has demonst ra ted t h a t  i t  has t h e  poten-  
t i a l  t o  be a v i a b l e  m u l t i f u e l  eng ine f o r  l i g h t -  
d u t y  t r u c k s  and vans o f  t h e  f u t u r e .  
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Tab le  1 D i e s e l  eng ine  s p e c i f i c a t i o n s  

Engine t y p e  . . . . . . . . . . . . . . . . . . . .  Valve- in-head 
P i s t o n  d i sp lacement ,  L ( i n . 3 )  . . . . . . . . . . . . .  6.2 (379) 
Bore & s t r o k e  (nomina l ) ,  i n .  (mm) . . . . .  3.98 x 3.82 (101 x 97) 
Compression r a t i o  . . . . . . . . . . . . . . . . . . . . .  21.3:1 
E x h a u s t .  . . . . . . . . . . . . . . . . . . . . . . . . . .  Dual 

. . . . . .  SAE n e t  power a t  77 O F ,  hp (kW) 145 (108.8) @ 3600 rpm 
. . . .  SAE n e t  t o r q u e  a t  77 O F ,  l b - f t  (N-m) 248 (333) @ 2000 rpm 



Table  2 S t i r l i n g  eng ine  s p e c i f i c a t i o n s  

Engine t y p e  . . . . . . . . . . . . . . . . . .  Upgraded Mod I ASE 
Heater  head temperature ,  "C . . . . . . . . . . . . . . . . . .  770 
Working gas . . . . . . . . . . . . . . . . . . . . . . .  Hydrogen 
P i s t o n  d i sp lacement ,  L ( i n . 3 )  . . . . . . . . . . . . .  0.492 (30)  
Bore & S t r o k e ,  i n .  (mm) . . . . . . . . . . .  2.68 x 1.34(68 x 34) 
D r i v e  system . . . . . . . . . . . . .  Dual c r a n k  "U" c o n f i g u r a t i o n  
Exhaust  . . . . . . . . . . . . . . . . . . . . . . . . . . .  Dual 
M u f f l e r  . . . . . . . . . . . . . . . . . . . . . . . . . . .  None 
A f t e r t r e a t m e n t  f o r  emiss ions  . . . . . . . . . . . . . . . . .  None 
Net  power, hp (kW) . . . . . . . . . . . . . .  74 (55.5) @ 4000 rpm 
Net  to rque ,  l b - f t  (N-m) . . . . . . . . .  ; . 140 (188) @ 1000 rpm 
Net  e f f i c i e n c y ,  p e r c e n t  . . . . . . . . . . . . . . .  35 @ 1700 rpm 

Table  3 Mu1 t i s t o p  per formance p r e d i c t i o n s  

[ A x l e  r a t i o ,  4.101 

A c c e l e r a t i o n  

Percen t  Grade; 6 500 l b  
0-30 mph, sec 
0-50 mph, sec 
0-60 mph, sec 

Percen t  Grade; 11 550 l b  
0-30 mph, sec 

P e r c e n t  Grade; 6 550 l b  
0-5 mph, sec 
Maximum speed, mph 

S t i r 1  i n g  

75 hp 
(56.2 kW) 

10.5 
38.2 ---- 

18.9 

5.8 

D i e s e l  

145 hp 
(108.8 kW) 

4.8 
14.1 
20.7 

7.9 

1.3 
21.4 

1 0 0 h p  
(75 kW) 

7.2 
23.4 
38.9 

12.5 

2 .4  
13.0 

6 0 h p  
(45 kW) 

16.2 
60.0 
---- 

33.4 

---- 
---- 



Table 4 Comparison of diesel and Stirling-powered vans 

Feature 

Sty1 e 
Engi ne 
Rated bhp (kW) 
A1 ternator, A 
Transmi ssion 
Axle ratio 
Chas s i s 
Curb weight, lb 
Gross vehicle weight, l b  
Gross tow capability, lb 
Maximum speed, mph 
Exhaust temperature, "C ( O F )  

Coolant temperature, OC (OF) 

Coolant pressure, psi 

Diesel 

HI-Cube GM C-30 
V-8, model LL4, diesel, 6.2 L 
145 (108.8) @ 3600 rpm 
66 
GM Turbo three-speed hydramati c 
4.10 
G31303 
6800 
8600 
13 500 
80 
800 (1472) 
100 (212) 
20 

Stirling 

Cube w/internal modifications 
U4, Mod I ASE, multifuel, 0.5 L 
74 (55.5) @ 4000 rpm 
130 
Chrysl er 904 three-speed automati c 
3.08 
G31303 modified 
6250 
8000 
13 000 
5 5 
250 (482) 
50 (122) 
14.7 



Table 5 Multifuel operation of the Stirling-powered van 

Table 6- Characteristics of fuel used 

Type of fuel 

Unleaded gasoline 
JP-4 aircraft fuel 
Diesel fuel (DF-2) 

Total s 

FIG. 1 AIR FORCE MULTISTOP VAN 

Hours used 

440 
536 
- 145 

1121 

Flash point, 
O F  ( " C )  

-30 (-34.4) 
-9 (-22.7) 
192 (88.9) 

Type of fuel 

Unleaded gasoline 
JP-4 aircraft fuel 
Diesel fuel (DF-2) 

Miles driven 

1671 
1882 
634 

41 87 

Heating value, 
Btu/l b 

18 600 
18 800 
18 300 

Period 

Sep 86 - Mar 87 
Mar 87 - May 87 
Jun 87 
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FIG. 2 POWER AND TORQUE CURVES OF 6.2-L, V-8 DIESEL ENGINE 
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FIG. 3 CROSS SECTION OF MOD 1 AUTOMOTIVE STIRLING ENGINE 



0 UNLEADED GASOLINE 
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FIG. 4 NOD 1 AUTOMOTIVE STIRLING ENGINE POWER AND EFFICIENCY 
CURVES WITH UNLEADED GASOLINE AND JP-4 AIRCRAFT FUEL 

FIG. 5 COMPARISON OF STIRLING AND DIESEL ENGINE INSTALLATIONS 
(1) STIRLING, 80 HP 
(2) DIESEL, 150 HP 



FIG. 6 STIRLING DIGITAL ENGINE CONTROL AND DIAGNOSTICS 

PANELS INSTALLED IN VAN 
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FIG. 7 LANGLEY AFB OPERATIONAL HISTORY 
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FIG. 8 TACHOGRAPH OF TYPICAL DUTY CYCLE ON LANGLEY 
FLIGHT LINE, OCTOBER 30, 1986 
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FIG. 9 TACHOGRAPH OF CONTINUOUS 2 4 - ~ ~  OPERATION ON 

LANGLEY FLIGHT LINE, MARCH 25, 1987 
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FIG. 11 TACHOGRAPH OF T Y P I C A L  DUTY CYCLE I N  MOLINE, IL 
AREA, JULY 22, 1987 
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